by the introduction of a futsch loss-of-function mutation 9 Present address: Section of Molecular Cardiology, Departments of into the dfmr1 mutant background, these behavioral de-
Both dfmr1 2 and dfmr1 3 are molecular null alleles. Flies homozygous for either allele are viable and appear to be morphologically normal in external appearance. dfmr1 3
Results
was used for further analyses given that it does not appear to disrupt the function of any adjacent genes.
Isolation of dfmr1 Null Alleles
Two genomic rescue fragments were constructed and A P element insertion (P[EP]3517) was found to map transformed to flies. Both are 14 kb fragments that span within the 5Ј UTR of the dfmr1 locus ( Figure 1A ). Flies the dfmr1 transcriptional unit ( Figure 1A ). One encodes homozygous for this insertion are viable and have no a wild-type dfmr1 gene (WT rescue) and is used to demobvious visible phenotypes. A screen to obtain stocks onstrate that phenotypes observed in the mutants are with deletions of dfmr1 via imprecise excision of the P caused by the lesion generated by excision of the P element was conducted. No excision lines were identielement. The second rescue fragment (FS rescue) has fied that were lethal in trans to a deficiency which uncova frameshift mutation introduced in the dfmr1 open readers the dfmr1 locus, Df(3R)by62, suggesting that loss ing frame and is used to show that the function of the of dfmr1 is not a lethal event. Thus, from each excision line, pupae or adults that were homozygous for the excidfmr1 ORF is responsible for any phenotypic rescue. These rescue fragments were then crossed into the that is passed through the chamber (Yang and Sehgal, 2001). The activity of the flies was monitored for 9 days dfmr1 mutant background to create isogenic stocks that differ only in their ability to express wild-type dFMR1 in constant darkness, which allows for a determination of free running rest:activity rhythms. Examination of acprotein ( Figure 1B) . tograms and periodogram analysis showed that while control w 1118 flies have a normal 23-24 hr circadian cycle, dfmr1 Mutant Flies Are Arrhythmic most dfmr1 mutants are arrhythmic (Table 1A and Figure  Flies homozygous for a dfmr1 deletion were found at 3B). The wild-type dfmr1 rescue fragment (WT rescue) expected Mendelian ratios and have near normal fitness restores rhythmicity to mutants, whereas the rescue as determined in a standard viability assay (Figure 2A) . fragment containing the frameshift mutation (FS rescue) Analysis of simple behaviors revealed that the mutant does not. Representative actograms show that w 1118 flies flies have normal phototactic and chemotactic abilities and dfmr1 mutant flies with one copy of WT rescue in standard assays ( Figures 2B and 2C ). However, in (dfmr1; WT rescue/ϩ) have a circadian pattern of about collecting virgin flies for various studies, we observed 12-14 hr of activity followed by about 10-12 hr of rest that the majority of dfmr1 mutant flies failed to eclose ( Figure 3B ). In contrast, dfmr1 mutants and dfmr1; FS soon after daylight, suggesting a defect in their circadian rescue/ϩ mutants have erratic activity patterns that are system (Konopka and Benzer, 1971; Sehgal et al., 1994).
characterized by occasional brief bouts of relatively high To examine this possibility, we examined the eclosion activity ( Figure 3B ). profile of a population of dfmr1mutant flies. Control
The erratic locomotor activity patterns of the dfmr1 (w
1118
) and dfmr1 mutant larvae were entrained to a 12 mutants is not necessarily a consequence of the flies hr light: 12 hr dark (LD12:12) cycle for at least 5 days, simply being arrhythmic since null mutants for timeless then pupae were collected, loaded into eclosion moni-(tim) or period (per) are also arrhythmic, but maintain a tors, and placed in constant darkness for 6 days. The relatively constant level of activity under similar experieclosion monitors determine the number of flies eclosing mental conditions (Konopka and Benzer, 1971; Sehgal relative to time of day. Analysis of the eclosion profiles et al., 1994). To determine if this erratic behavior could revealed that the majority of the control flies eclosed in be due to locomotor defects, we examined the overall the early morning hours ("the circadian gate") with a activity of the dfmr1 mutant flies. Quantification of total period of 23.5 hr (n ϭ 501, FFT ϭ 0.184; Figure 3A) . The activity over the course of 9 days in constant darkness dfmr1 mutant flies, on the other hand, did not show fails to reveal any significant overall difference between a tendency to eclose in the gate and eclosed with a control and dfmr1 mutant flies (764 Ϯ 264 counts per broadened delayed peak and reduced amplitude of day for w 1118 and 884 Ϯ 541 counts per day for dfmr1, rhythm (n ϭ 298, FFT ϭ 0.068). Thus the dfmr1 mutant p ϭ 0.32). The similarity in batch activity between mutant flies display reduced strength and altered phase with and control flies, as well as the occasional bouts of high respect to time of eclosion. activity observed in the dfmr1 mutants, suggest that Since the dfmr1 mutant flies displayed a circadian motor function and locomotor abilities are not impaired defect with respect to eclosion, we investigated the posin these animals and thus not the cause of the arrhythmic sibility that they might also display such defects in locophenotype. motor activity. We examined the rest:activity rhythms Mutants that lack circadian function are unable to of dfmr1 mutant flies by entraining both mutant and sustain rhythmicity in constant darkness, but can be control flies to an LD 12:12 cycle for 5 days prior to driven to display activity rhythms in the presence of eclosion, aged them 2 additional days in identical condilight:dark cycles. To determine if this was the case for tions, then placed them in activity monitors that quantify the frequency with which a fly crosses an infrared beam dfmr1 mutants, we exposed mutant and control flies to an LD 12:12 cycle for 5 days prior to eclosion, aged tion that directs the overexpression of dfmr1 in cells them 2 additional days in identical conditions, then expressing GAL4 ( Figure 1A ). In fact, when the NE 3-4 placed them in activity monitors as described above.
line was crossed to a tim-GAL4 line, the progeny were We found that most of the dfmr1 mutant flies were rhythobserved to overexpress dFMR1 protein in cells that mic and displayed a very similar activity profile to that of express tim, including the lateral neurons, the site of w 1118 ( Figure 3C ). Both w 1118 and dfmr1 mutants displayed the circadian clock, as well as other neurons in the brain heightened levels of activity in anticipation of lights turnand optic lobe (Figure 4 ). Since two other EP P element ing on and off. The anticipatory activity is indicative of insertions near the 5Ј end of the dfmr1 gene were preunderlying clock function, which was further supported viously identified by the Berkeley Drosophila Genome by analysis of clock proteins in dfmr1 mutants (disProject (BDGP), we also tested whether these lines cussed below). would lead to altered circadian patterns when introduced into background containing tim-GAL4. We found Overexpression of dFMR1 Leads that the EP3517 insertion also resulted in a lengthened to a Lengthened Period period, but the EP3422 insertion, which is in the opposite The specific requirement of dfmr1 for normal circadian orientation of NE3-4 and EP3517, did not ( Figure 1A ; behavior is reinforced by additional evidence that over- Table 1B ). Thus not only is dfmr1 activity required for expression of dFMR1 protein also leads to altered circanormal circadian behavior, but elevation in dFMR1 prodian behavior. In an independent screen for genes tein levels lengthens the period. whose overexpression leads to a circadian defect, we identified the dfmr1 gene. Using the EP P element system (Rørth, 1996), novel insertion lines were generated
The Clock Genes Cycle Normally in dfmr1 Mutants The circadian clock is regulated by an autoregulatory and crossed into a genetic background containing a tim-GAL4 driver, then assayed for changes in circadian feedback loop in which the transcription of timeless (tim) and period (per) mRNA is repressed by an increase in behavior. NE 3-4 was identified as an insertion that gives rise to arrhythmicity and a lengthened period in a tim-PER and TIM protein concentration in the nucleus, leading to molecular oscillations of tim and per mRNA and GAL4-dependent manner (Table 1B) Figure 5C ). This result indicates that dfmr1 objects, dfmr1 mutant males displayed significantly less affects a known molecular output of the clock. courtship activity than control males toward immature Another known output from the clock is the neuropepmale objects ( Figure 6C ), and largely failed to proceed tide pigment dispersing factor (PDF) to the more advanced stages of courtship exhibited which is specifically expressed in certain ventral lateral by controls ( Figure 6D 59 (p ϭ .0011, unpaired t test) . For the termini a genetic interaction of dFMR1 with the MAP1B homolog FUTSCH. A dfmr1/futsch double mutant combination is in the other six hemispheres, the branching was too cued. Viable futsch
N94
; dfmr1 double mutants were entrained to a light:dark cycle in a manner identical to the previous dfmr1 circadian studies and placed in activity monitors. The futsch N94 allele and dfmr1 mutants were used as controls. We found that futsch N94 mutants have no detectable circadian defect and that the dfmr1 3 / futsch N94 showed no change in locomotor activity profiles or strength of rhythmicity when compared to dfmr1 mutants (FFT ϭ .007 Ϯ 0.005, n ϭ 9 versus FFT ϭ .008 Ϯ 0.004, n ϭ 12, respectively). Thus, the circadian phenotype exhibited by dfmr1 mutants is not largely a consequence of the same futsch misregulation reported at the NMJ and eye (Zhang et al., 2001) .
Discussion
We have shown that although dfmr1 mutant flies are indistinguishable from wild-type controls in overall locomotor activity and ability to perform simple chemotactic and phototactic behavior, they have significant circadian and courtship behavioral phenotypes. The circadian system appears to be disrupted downstream of the molecular pacemaker, as molecular analysis of the clock genes failed to reveal any defect in the oscillations of their mRNAs and resultant proteins. CREB protein activity has been shown to be a regulated output of the clock (Belvin et al., 1999) . We found that the circadian oscillations of a CRE-luciferase reporter were significantly reduced in amplitude in the dfmr1 mutant background. These results indicate that dfmr1 gene activity is required for this known molecular output. Due to effects of feedback on the clock, at this time it is unknown if dfmr1 acts upstream, downstream, or parallel to CREB-mediated transcription. Also, whether this is the only output pathway affected is not known. Clearly PDF appears to cycle normally at the termini of the s-LN v , but given the structural defects observed in the lateral neurons, it is conceivable that PDF release is affected in ways that we did not observe. For example, PDF release may be more diffuse in the dfmr1 mutants due to activity.
In addition to the circadian defects, the dfmr1 mutant males exhibited abnormal courtship behavior. dfmr1 reported to rescue all reported synaptic defects detected at the neuromuscular junction (NMJ) and in the mutant males displayed reduced overall courtship activity toward two independent targets, virgin females and eye of a dfmr1 mutant, prompting a hypothesis that futsch misregulation is likely a key factor in pathologies immature males, which are anatomically distinct and have different pheromonal profiles (Hall, 1994) . This reassociated with fragile X mental retardation (Zhang et al., 2001 ). To extend upon these observations, we genersult suggests a basic defect in courtship rather than a failure to recognize or respond to a specific cue. This ated dfmr1/futsch double mutants using the futsch for tim, per, and tubulin mRNA simultaneously. After electrophoresis sampling interval ϭ 11 s), from which data the frequency and duration of individual bouts of courtship were determined. of the Rnase-treated samples, the signal for each of the three mRNAs was quantitated using a phosphoimager (Molecular Dynamics). Relative abundance of tim and per mRNA was defined as a
